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We propose a new technique to realize photonic time stretching of radio-frequency (RF) signals by using a
time-gated (pulsed) incoherent-light source. The proposed system provides similar performance specifi-
cations (stretch factor, temporal aperture, and resolution) to those of a conventional coherent system but
using a temporal gating process that is significantly longer than the transform-limited pulse duration
of the equivalent coherent configuration. We experimentally demonstrate temporal magnification and
compression of high-speed RF signals, with time-stretch factors ranging from 0.65 to 8.66, using a
broadband (11.6 nm) incoherent-light source temporally gated over ∼163 ps. In one of the reported
experiments, we achieve a resolution of ∼67.5 ps over a temporal aperture of ∼23 ns, representing a
time–bandwidth product of >340. © 2015 Optical Society of America
OCIS codes: (070.1170) Analog optical signal processing; (110.6915) Time imaging; (320.7085)

Ultrafast information processing.
http://dx.doi.org/10.1364/AO.54.002757

1. Introduction

Digital signal processing can support ultrahigh-speed
data processing and excellent reconfigurability. To
translate the analog signals, which are common in
nature, to digital signals, an analog-to-digital converter
is required. However, the realization of ultrahigh-
speed (or ultrawide-bandwidth) analog-to-digital con-
verters has been recognized as a key bottleneck in
modern high-performance communication and radar
systems [1–3]. The photonic time-stretch concept has
proven to be a very effective approach to address this
problem [1–6]. In a time-stretch system, the signal is
temporally stretched while keeping its original time
shape prior to digitization so that the effective sam-
pling rate and bandwidth of the analog-to-digital con-
vertor are improved in proportion to the time-stretch
factor. Additionally, the time-stretch technology has
also been used to realize other important applications,

for instance, high-throughput single-shot spectros-
copy [7].

A main limitation of a time-stretch system is the
realization of a linearly chirped optical pulse, which
is conventionally obtained by dispersing the output
of a coherent ultrafast optical pulsed source, e.g., a
femtosecond mode-locked laser [2–7]. However, rela-
tively complex and costly techniques (e.g., mode lock-
ing) are required to be able to produce coherent
optical pulses with wavelength bandwidths extend-
ing even over a few nanometers. Compared to a
coherent-light source, it is generally more practical
and simpler to produce incoherent light with large
wavelength (frequency) bandwidths. In the latter
case, phase-locking mechanisms are not needed. In
this work, we propose and experimentally demon-
strate a novel photonic time-stretch system based
on an incoherent-light source. The scheme is based
on the use of an incoherent pulsed light source, which
is implemented by modulating broadband incoherent
light with a short temporal gate. Note that incoher-
ent-light temporal stretching has recently been

1559-128X/15/102757-05$15.00/0
© 2015 Optical Society of America

1 April 2015 / Vol. 54, No. 10 / APPLIED OPTICS 2757

http://dx.doi.org/10.1364/AO.54.002757


proposed using a time-domain equivalent of a spatial
pinhole [8]. The new scheme proposed here is essen-
tially based on exchanging the short temporal gating
process (time-domain pinhole) and signal modula-
tion process in the original temporal pinhole imaging
system. This translates into a scheme that resembles
much more closely the conventional coherent pho-
tonic time-stretch configuration, where the original
coherent pulsed (mode-locked) optical source is sim-
ply substituted by an incoherent pulsed light source.
Notice that though related, photonic time-stretch
and temporal imaging are different concepts [4]; for
example, the temporal resolution and magnification
factors of these two systems are different. We show
here the implementation of the photonic time-stretch
concept using an incoherent-light pulsed light source.
Another key finding of ourwork is that the light source
bandwidth impacts the system performance (particu-
larly, the temporal aperture) in a very similar fashion
to that of a coherent time-stretch system; however, the
temporal gate can be much longer than the coherence
time of the light source, or the transform-limited
duration of the equivalent coherent pulsed source,
while still achieving similar performance in terms of
temporal resolution. This points again to the fact that
phase locking over the entire source bandwidth is not
required in the system.

2. Principles

An illustration of the proposed incoherent photonic
time-stretch scheme is shown in Fig. 1. Compared
to its coherent counterpart, the scheme employs a
broadband incoherent pulsed source. The incoherent
pulsed source is achieved by short temporal gating
of a broadband incoherent-light source, which is as-
sumed to exhibit a uniform energy spectrum over
a broad bandwidth. To be consistent with previous
terminology, the short temporal gating process will be
referred to as a “temporal pinhole”. Temporal stretch-
ing of the intensity waveform under test is achieved
through a concatenation of time-to-frequency and
subsequent frequency-to-time mapping processes. In
particular, the broadband incoherent pulse is first dis-
persed by a dispersive element, which provides a
group-delay dispersion of Φ̈1. As such, an averaged
linear frequency chirp is induced in the time domain.

This is followed by a second temporal intensity modu-
lation process with the input radio-frequency (RF)
signal to be processed; the RF temporal waveform
is mapped along the frequency domain (time-to-
frequency mapping) as a result of the optical pulse
linear frequency chirp. The resulting modulated light
is finally dispersed by the second dispersive element
with a group-delay dispersion of Φ̈2, effectively map-
ping the modulated light spectrum along the time
domain. This results in the anticipated temporal
stretching process of the original RF signal.

It can be shown that the temporal impulse re-
sponse function of the proposed incoherent photonic
time-stretch system is mathematically described by
the following expression:

hIout�τ�i ∝ Ipinhole

�
−

Φ̈1

Φ̈2
τ

�
⊗ Isignal

�
Φ̈1

Φ̈1 � Φ̈2
τ

�
; (1)

where Ipinhole�τ�, Isignal�τ�, and Iout�τ� are the temporal
intensity profiles of the temporal pinhole, the input
signal to be processed, and the system output, re-
spectively; τ is the normalized time so that the aver-
age group delay in each of the constituting elements
is ignored; and h·i denotes averaging over multiple
realizations. It is important to note that Eq. (1) is
valid as long as the angular frequency bandwidth
of the input signal Δωsig is sufficiency small, so that

���� − Φ̈1Φ̈2

8�Φ̈1 � Φ̈2�
Δω2

sig

���� ≪ π: (2)

As shown in Eq. (1), the averaged temporal intensity
profile at the system output is a temporally stretched
replica of the input temporal waveform, where the
stretch factor is given by M � 1� �Φ̈2∕Φ̈1�. In
practice, the magnitude ofM can be fixed to be lower
than 1, leading to a temporally compressed replica of
the input, or higher than 1, thus implementing tem-
poral magnification. Notice that the condition in
Eq. (2) is actually a constraint on the maximum fre-
quency bandwidth of the input signal that can be ac-
curately processed, effectively limiting the system
temporal resolution. This same condition applies to
a conventional coherent time-stretch system [4,5].
Additionally, in an incoherent time-stretch system,
the output temporal image is convolved with the
scaled temporal intensity profile of the pinhole, as
shown by Eq. (1). This imposes an additional lower
bound on the temporal resolution; in particular,
the minimum output temporal resolution is
δτout � jΦ̈2∕Φ̈1jΔTP, which is estimated as the full
width at half-maximum (FWHM) of the intensity
profile Ipinhole�−�Φ̈1∕Φ̈2�τ� in Eq. (1), where the
pinhole has a Gaussian profile, Ipinhole�τ� �
jexp�−2 ln 2�τ∕ΔTP�2�j2. The corresponding mini-
mum input resolution can be obtained by scaling
through the temporal stretch factor:

δτin �
���� Φ̈2

Φ̈1 � Φ̈2

����ΔTP: (3)

Fig. 1. Diagram of an incoherent photonic time-stretch scheme.
Similar to its coherent counterpart, the scheme consists of two
main steps, which are time-to-frequency mapping of the input in-
tensity waveform, implemented at the output of the second inten-
sity modulator, and frequency-to-time mapping, which is induced
by the second dispersion, respectively. All waveforms and spectra,
and the instantaneous wavelength, are averaged profiles.
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To optimize the resolution of the incoherent system,
the temporal pinhole duration should be made suffi-
ciently short so that the input resolution bound
in Eq. (3) is equal to or higher than the “coherent”
resolution dictated by Eq. (2). Notice also that the
resolution bound in Eq. (3) is directly limited by the
temporal pinhole duration for large stretch factors,
but it can be significantly higher than the pinhole du-
ration for moderate to low stretch factors. As illus-
trated in Fig. 1, the uniform energy spectrum of
the ideal incoherent-light source is practically real-
ized over a limited frequency bandwidth. This im-
poses a limitation on the temporal aperture of the
incoherent time-stretch system; i.e., the input RF
signal to be processed must be within a temporal
window

TA � 2πjΦ̈1jΔf opt; (4)

where Δf opt is the frequency bandwidth of the inco-
herent-light source. Thus, a large temporal aperture
requires the use of a light source with an ultrabroad
spectrum in such a way that the coherence time
of the source is typically much shorter than the
target temporal resolution and the related pinhole
duration. As shown by Eqs. (3) and (4), the temporal
aperture and temporal resolution are nearly inde-
pendent. However, we should note that there is a cer-
tain design trade-off between the temporal aperture
and the stretch factor as they both depend on the
input dispersion amount in an inverse fashion.

3. Results

To demonstrate the introduced concept, we set up an
incoherent time-stretch experiment, as illustrated
in Fig. 2. Broadband incoherent light with a nearly
uniform spectrum is first generated by filtering a
superluminescent diode and then amplified by a semi-
conductor optical amplifier [8]. A broadband incoher-
ent pulse is then obtained by sending the incoherent
light through a temporal pinhole. The temporal pin-
hole here is realized by a 40 GHz electro-optic inten-
sity modulator that is driven by a narrow electronic
pulse generated by a 12 Gsamples/s AWG and ampli-
fied by a 12.5 GHz electronic amplifier. The broadband

incoherent pulse is first amplified by an erbium-doped
fiber amplifier (EDFA) and then dispersed by the first
dispersive line, which induces an averaged linear

Fig. 2. Experimental setup of the incoherent time-stretch
system.

Fig. 3. Experimental demonstration of incoherent time stretch. (a)
and (b) show the averaged temporal intensity profile and the aver-
aged spectrum of the incoherent pulse at the output of the broad-
band incoherent pulsed source, respectively. Five experiments with
different stretch factors M are shown in (c)–(g), respectively. In
particular, the temporally stretched output waveforms (solid red)
are compared with the scaled input waveforms (dotted blue), where
the scaling factors in the figures are fixed to match the theoretical
time-stretch factors. Additionally, the plots in (h) show the spectrum
of the system output (solid black), compared with the scaled input
temporal waveform (dotted blue), where the scaling factor in
the figure is fixed according to the input dispersion value of
−346 ps∕nm. All profiles in (a)–(h) are averaged for 256 times.
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frequency chirp. Subsequently, the input RF signal,
which is generated by the same AWG and amplified
by a 12 GHz electronic amplifier, is modulated onto
the dispersed light using another 40 GHz electro-optic
intensity modulator. Time-to-frequency mapping is
achieved by the combination of linear frequency chirp
and the second intensity modulation process. After
that, the modulated light is amplified again and sent
through the second dispersive line, which implements
frequency-to-time mapping. The temporal intensity
profile at the system output is measured with a
45 GHz photo-detector coupled to a 28 GHz electronic
real-time oscilloscope, and the spectrum of the system
output is measured by an optical spectrum analyzer
with a resolution of 0.02 nm.

We report here results from five experiments
with different time-stretch factors, including exam-
ples of temporal compression and magnification;
see the results in Fig. 3. In these experiments, three
different input temporal waveforms are used. In par-
ticular, Table 1 provides the values of the first and
second dispersion used in these five experiments.
Figures 3(a) and 3(b) show the averaged temporal
intensity profile and the averaged spectrum of the in-
coherent pulse at the output of the broadband inco-
herent pulsed source, respectively. The time width
(intensity FWHM) and bandwidth (intensity FWHM)
of the incoherent pulse are 163 ps and 11.6 nm, re-
spectively. The incoherent pulse has a duration that
is nearly 360 times longer than the coherence time of
the light source. As shown in Figs. 3(c)–3(g), the
temporally stretched output waveforms (solid red,
averaged for 256 times) closely resemble the corre-
sponding scaled input waveforms (dotted blue). Note

that the input waveforms are averaged optical tempo-
ral intensity profiles measured at the output of the
second intensity modulator. The small pulses in the
input waveforms beyond the temporal aperture are
due to the fact that the bias of the first intensity
modulator (temporal pinhole) is not fully optimized.
However, these pulses fall outside the system tempo-
ral aperture, and, thus, they are not observed in the
corresponding output waveforms (particularly in
Figs. 3(c) and 3(d)). To show the time-to-frequency
mapping achieved at the output of the second inten-
sitymodulator, which is the first step of the incoherent
time stretch, the measured spectrum at the system
output (solid black) in the last experiment (which cor-
responds to Fig. 3(g)) is shown in Fig. 3(h). There is
again an excellent agreement between the measured
spectrum at the system output and the scaled input
temporal waveform (dotted blue). Additionally,
Fig. 4 illustrates the evolution of the signal along
the time-stretch system for the experimental example
shown in Fig. 3(e).

The performance specifications of the demon-
strated systems are given in Table 1. The stretch fac-
tors and temporal apertures estimated from the
experimental results are in excellent agreement with
our theoretical predictions. In terms of temporal res-
olutions, they are essentially limited by the pinhole
duration, as shown in Eq. (3), in such a way that
the theoretical values for the input resolution in the
reported experiments are 87.5, 34.5, 107.1, 129.3,
and 144.2 ps, respectively. As shown in Table 1,
the resolutions estimated from the obtained experi-
mental results [8,9] are slightly deviated from these
theoretical values. There are two reasons for the
deviation. The first is that in the resolution estima-
tion we have assumed the input pulses to be Gaus-
sian-like, whereas the practical input pulses are
slightly deviated from Gaussian pulses, as shown in
Fig. 3. The second reason is due to the limiting band-
width of the real-time oscilloscope.

4. Discussion and Conclusion

In summary, we have theoretically proposed and ex-
perimentally demonstrated a new time-stretch sys-
tem based on an incoherent pulsed light source.
The proposed incoherent scheme can provide similar
performance specifications to those of its coherent
counterpart but using a temporal gating process sig-
nificantly longer than the transform-limited pulse
duration of the equivalent coherent mode-locked
laser system. However, implementation of incoherent-
light photonic time stretch requires operation of the

Fig. 4. Carpet for incoherent time stretch. The carpet illustrates
the evolution of the signal along the system for the experimental
result shown in Fig. 3(e).

Table 1. Performance Specifications for Experiments Shown in Fig. 3

Experiments First Dispersion Second Dispersion Stretch Factor Input Temporal Aperture Input Temporal Resolution TBP

Fig. 3(c) 1981 ps∕nm −692 ps∕nm 0.65 ∼22.98 ns ∼107.8 ps ∼213.2
Fig. 3(d) 1981 ps∕nm −346 ps∕nm 0.83 ∼22.98 ns ∼67.5 ps ∼340.4
Fig. 3(e) −692 ps∕nm −1326 ps∕nm 2.92 ∼8.03 ns ∼85.3 ps ∼94.1
Fig. 3(f) −692 ps∕nm −2652 ps∕nm 4.83 ∼8.03 ns ∼123.4 ps ∼65.1
Figs. 3(g) and 3(h) −346 ps∕nm −2652 ps∕nm 8.66 ∼4.02 ns ∼122.7 ps ∼32.8
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oscilloscope in averagemode, a fact that may preclude
real-time operation. This drawback may be poten-
tially overcome by using a suitable discrete-spectrum
(multiwavelength) laser source, a strategy that has
been demonstrated successfully for other incoherent-
light temporal signal processing operations [10]. The
novel concept proposed here could potentially be use-
ful to improve many of the previous signal processing
platforms based on coherent photonic time stretching
of RF waveforms.
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